Pakistan is blessed with a wide range of indigenous mango germplasm. Wild mango genotypes, growing at Azad Jammu and Kashmir (AJK) and its vicinity are valuable resource for unique genetic diversity. The DNA fingerprints of this available germplasm have never been worked out. Hence, the aim of this study was to develop DNA profiles of 31 wild and 13 cultivated genotypes of the country to determine the population structure. Number of alleles per locus of the 51 Simple sequence repeat (SSR) markers ranged from 3 to 9 and a total of 296 alleles with an average of 5.80 alleles per locus. The average polymorphism information content value was 0.764. The expected and observed heterozygosity values were 0.805 and 0.720, respectively, which exhibited high level of genetic diversity in the wild and cultivated mango germplasm. The Bayesian cluster, principal coordinate and hierarchical clustering analyses divided the collected genotypes into three groups i.e. A, B and C. Members of group A and B consisted of wild genotypes entirely, while all commercial genotypes were clustered in group C. The obtained results highlighted genetic diversity encompassed by wild mango genotypes of AJK which can be considered as distinct genotypes for further evaluations in the framework of breeding programs and new cultivar identification in mango.
INTRODUCTION
Mango (Mangifera indica L.) is one of the most important fruit crops cultivated in tropical and subtropical regions of the world. It is commercially cultivated in about 103 countries of the world. Global production of mango has been estimated to be 40 million tonnes, out of which Pakistan shares 4.5% (FAOSTAT, 2015) . Pakistan is ranked sixth in the world after India, China, Thailand, Indonesia and Mexico (FAOSTAT, 2015) . Pakistani mangoes have gained popularity in the world due to their high nutritive value, attractive colour, smooth texture, excellent flavour and fine aroma (Ullah et al., 2012) . Being the center of origin and diversity, Indo-Pak subcontinent has broad history (more than 4000 years) of mango cultivation (Ravishankar et al., 2000) . There are almost 260 mango varieties reported in Pakistan, among them 'Samar Bahisht Chaunsa', 'Sufaid Chuansa', 'Kala Chaunsa', 'Anwar Ratole', 'Fajri', 'Sindhri', 'Dusehri', 'Faiz Kareem' and 'Langra' are commercially important (Amin and Hanif, 2002) . Currently mango cultivars, 'Sindhri', 'Samar Bahisht Chuansa' and 'Sufaid Chaunsa' are being exported to Middle East, Southeast Asia, EU and USA (Nafees et al., 2013) . These mango genotypes are heavily threatened by poor orchard management practices, alternate bearing, various diseases, insect pests and physiological disorders, which affects production and export volume (Rajwana et al., 2008) . Rich diversity present in indigenous wild germplasm offers a scope to find promising varieties having regular bearing with long shelf-life. But, this indigenous mango germplasm is depleting in their natural habitats and there is a dire need to collect, conserve and utilize this enriched source of diversity. It is imperative for the maintenance of genetic variability, the resistance to genetic erosion (Cunha et al., 2009 ) and introgression of economically important traits to sustain productivity and survival under changing climatic conditions. Characterization and selection from existing germplasm also offers a plausible way of improving genotypes with desirable traits. Azad Jammu and Kashmir region of the country is blessed with wide range of indigenous seedling mango germplasm. This germplasm varies in fruit size, fruit colour, bearing habits, flavour, taste, juiciness, ripening time, and texture (Khan et al., 2015; Khan et al., 2016) . These seedling mango trees with desirable traits can be served as a novel source for future crop improvement and sustainable mango production (Singh and Jawanda, 1962; Ravishankar et al., 2000) . Moreover, wild mango germplasm is not only a source of genetic variation but also possesses tolerance against different pathogens. It can also be used to widen the genetic base of cultivated mango varieties along with offering a scope to extract desirable genes and their utilization in mango improvement and breeding programmes. So, compiling the DNA fingerprints to analyze and document the genetic landmarks can probe the evolutionary relationship between wild and cultivated populations.
Previously genetic variability among mango varieties has been estimated based on morphological and biochemical characters (Zaied et al., 2007; Rajwana et al., 2011; Begum et al., 2014; Azmat et al., 2016; Khan et al., 2016) . These markers have limited features to identify crops and can vary with environment (Karihalo et al., 2003) . Microsatellites or SSR are the most common DNA markers which have become the most appropriate and suitable choice for the analysis of genetic diversity and fingerprinting in mango due to their codominance nature, large allelic diversity, reproducibility, polymorphism and amenable to high throughput screening (Viruel et al., 2005; Schnell et al., 2006; Dillon et al., 2013) . Wild mango germplasm of the country is still unexplored and has not been properly documented. In addition, its relationship with commercial mango cultivars of the country yet to be studied. So, the present work aims to determine the population structure of 44 wild and cultivated mango genotypes using 55 SSR markers. The objectives of this work were to distinguish the collected mango genotypes, to determine the genetic diversity and relationship among them and to provide useful information for the conservation and utilization of valuable traits in future mango improvement and breeding programme.
MATERIALS AND METHODS

Plant materials:
A total of 44 genotypes (31 wild and 13 cultivated) collected from AJK and adjoining plain areas of Punjab-Pakistan were analyzed in this study. The sampling area lies at an altitude of 200 to 900 m above the sea level. The topography of sampling area is moderately hilly with valleys and stretches of plains. The climate of AJK ranges from temperate to subtropical, while mango grows mainly in subtropical regions. The average temperature in AJK and Northern Punjab districts ranges from 25°C to 35°C, while in Multan from 25°C to 40°C in Multan. Sampling of wild germplasm was done from subtropical region of AJK [Bhimber (22) , Kotli (2) and Mirpur (4) districts], and Northern Punjab [Sialkot (2) and Gujrat (1) districts]. Thirteen commercially grown varietal voucher samples were collected from germplasm unit located at Mango Research Station, Shujabad, Multan. The geographical position of each sampled tree was recorded using a hand-held global positioning system (GPS map 76CS X, Garmin, Taipei, Taiwan) along with location information and local names of the surveyed trees (Table 1) . Young and tender leaf tissues were collected, washed thoroughly with distilled water, dried, packed in zipper bags and stored at -80°C before DNA extraction. DNA extraction: Leaf samples were ground to powder form and genomic DNA was extracted following a modified CTAB method (Azmat et al., 2012) . DNA concentration and purity were assessed using gel electrophoresis and comparison with Lambda Hind III marker (Fermentas, Vilnius, Lithuania). DNA samples were subsequently diluted to a working stock with final concentration of 10 ng L -1 and stored at 4°C. PCR condition and PCR product analysis: Fifty-five polymorphic SSR markers were initially screened and selected based on PIC values adapted from previously reported studies (Table 2) . Forward primers were tagged with fluorescent compounds i.e., FAM or HEX, and PCR was conducted for all 44 samples. PCR reaction mixture (15 µL final volume) contained 10 ng/L template DNA, 2 µL of 10X Taq buffer (pH 8.3), 2.5 mM MgCl2, 2.5 mM dNTPs, 1U of Taq DNA polymerase (MBI, Fermentas, Vilnius, Lithuania) and 10 pmol of each of the forward and reverse primers. SSR markers were amplified by using Bio-Rad C-1000 thermocycler (Applied Biosystems, Foster City, CA, USA) with an initial denaturation step of 10 min at 95°C, followed by 35 cycles of 45 s at 92°C, 45 s at 48 to 56°C and 1 min at 72°C. The program ended with one additional final extension at 72°C for 10 min. PCR amplification conditions for annealing temperature and MgCl2 were optimized for all SSR markers. Fifty-one primers were successfully amplified with desired allele sizes and selected for their high reproducibility. Allele sizes were resolved by using an automated ABI 3130 Genetic analyzer (Applied Biosystems, Foster City, CA, USA). Raw data were analyzed using GeneMapper v4.1 (Applied Biosystems, Foster City, CA, USA) software to score genotypes. Data analysis: Population genetic parameters for each marker and genotype such as number of alleles per locus (Na), number of effective alleles (Ne), observed heterozygosity (Ho), expected heterozygosity (He), and polymorphic information content (PIC) for each marker locus were estimated using "GenAlEx 6.5" (Peakall and Smouse, 2012) . Multilocus matching was also performed to identify duplicates in the data set, using "GenAlEx 6.5" (Peakall and Smouse, 2012) . Genotypes with different names but genetically identical at all 51 loci were considered duplicates. Pair-wise genetic distances were computed using the DISTANCE procedure implemented in GenAlEx 6.5 (Peakall and Smouse, 2012) . To assess ability of the markers to infer genetic diversity, distribution and relationship between cultivated and wild genotypes, multivariate approaches i.e. principle coordinate analysis (PCoA), hierarchical clustering (Ward method), were conducted using DARWin6 (Perrier et al., 2006) and Bayesian clustering analysis was determined using STRUCTURE (Pritchard et al., 2000) . A burn-in of 500,000 Markov Chain Monte Carlo (MCMC) iterations with a subsequent 250,000 data generating iterations and range of cluster number (K) from one to ten was used with 10 replicates. Evanno's approach (Evanno et al., 2005) was used to determine the most appropriate number of genetic clusters (K). The genetic variation among individuals within and between populations was further investigated through an Analysis of Molecular Variance (AMOVA) using GenAlEx 6.5 (Peakall and Smouse, 2012) . Groups were defined according to clusters obtained by the Bayesian analysis.
RESULTS
Results indicated that out of 55 SSR markers used to evaluate the genetic diversity in wild and cultivated mango genotypes, 51 showed consistent high quality amplification, while three markers failed to amplify and one was monomorphic. In the subsequent screening, 44 genotypes were screened using 51 selected SSR markers (Table 3) . A total of 296 alleles were found with size ranging from 99 to 344 bp. The number of (Fig. 1) . The maximum dissimilarity was observed in wild genotypes of group A and B. While, the minimum dissimilarity was observed in group C which mainly occupied commercial mango genotypes. The axis 1 and 2 represent 16.57 and 12.25% variation, respectively. The Ward and UPGMA hierarchical clustering methods were used to differentiate the wild genotypes from cultivated varieties (Fig. 2) . Group-A consisted of wild type genotypes from high to mid altitude areas (450-900 m) in the AJK, which (Rajwana et al., 2010) . The cluster analysis indicated that genotypes grouping was according to origin and the nature type was only at major group level and not along the sub-group level that indicates significant variations/differences among the collected genotypes. The highest likelihood value was obtained maximum when the number of sub-populations (K) = 3 (Fig. 3) . The three groups produced by STRUCTURE were similar to those determined by PCoA. Group A contained 15 wild mango genotypes, all of which originated from high to mid altitude areas of AJK. The Q-value for membership in this group was 0.80 or above for 15 genotypes. Q-values of 'Langra', 'BMB-215' and 'BMB-216' split between the group A and B. The wild genotype 'BMB-214', collected from AJK, had Q-value split between group A and C. Group B consisted of 8 wild genotypes collected from low hilly regions of AJK and were placed in this group with Q-values 0.80 or more. Group C contained all the cultivated varieties with some wild genotypes originated from areas of northern Punjab. A cultivated variety 'Neelum' originated from India had Qvalue split between the group B and C. The genotypes 'Neelum', 'Langra', 'BMB-214', 'BMB-215', and 'BMB-216' having split Q-values between two groups were categorized as admixed ancestry. The analysis showed high level of variation in wild genotypes and maximum genetic similarity in cultivated varieties. Analysis of Molecular Variance (AMOVA) showed significant genetic differences among populations which accounted for 7%, whereas 19% variability was recorded among individuals within a population. Without considering the population boundaries, genetic variation between individual genotypes was highly significant i.e. 74% (Table 4 ). The Fst value between wild and cultivated genotypes was 0.069 (P = 0.001). The obtained pairwise Fst value between the populations was 0.050 (P = 0.000). 
DISCUSSION
It is important to understand the amount and structure of genetic variability present in mango germplasm for conservation, management and further improvement for various important characteristics. It was noticed that surveyed area was an enriched reservoir of genetically diversified wild mango populations. It is a well-established fact that the cultivated genotypes of mango in Indo-Pak subcontinent were mainly selected from naturally occurring chance seedlings and these selected genetic variants have been conserved and subsequently maintained through vegetative propagation. The molecular analysis revealed that cultivated and wild mango germplasm of Pakistan is genetically diverse. The wild mango germplasm has distinct genetic profile. However, it is important to further study the results of this genetic analysis for pedigree analysis and comparison with world mango germplasm to draw the conclusion. Microsatellite markers have been used widely in Mangifera species for genetic mapping, genetic variation, cultivar identification and phylogenetic analysis for the improvement of mango genotypes (Dillon et al., 2013; Schnell et al., 2006; Viruel et al., 2005) . There is enormous and valuable genetic diversity present among Pakistani mango cultivars due to diverse geo-ecological regions and climatic conditions. The present study revealed abundant allelic variation among 51 SSR loci in the characterization of 44 mango genotypes. These markers painted high level of genetic variation by producing a total of 296 alleles. This is lower in comparison to 318 bands detected in 90 mango genotypes with 106 SSR loci by Surapaneni et al. (2013) and higher than the 103 alleles generated in 241 mango genotypes (Singh et al., 2009) . The existence of different SSR alleles showed genetic polymorphism in the studied mango genotypes. Moreover, the detection of specific alleles in some genotypes shows the occurrence of deletions/insertions in the DNA. The results for average number of alleles per locus (5.92) fall within the range of previously reported for microsatellite studies of different mango germplasm (Schnell et al., 2006; Viruel et al., 2005) . A comparable study of diversity in Indian collection of 387 mango genotypes was carried out by Ravishankar et al. (2015) , which revealed a mean of 24.61 alleles per SSR locus and a mean Ho of 0.624. Another study showed that a panel of 90 Indian local genotypes harboured 2.87 alleles per SSR locus and a mean Ho of 0.29 (Surapaneni et al., 2013) . Dillon et al. (2013) reported an average of 12.09 alleles per SSR locus and a mean Ho of 0.69 in Australian National Mango Genebank, which mainly comprised of M. indica and its related species. The high level of heterozygosity in our study was attributed to cross pollination and out crossing. Different levels of genetic diversity and polymorphism have been reported in mango using various types of markers, like 90% and above by SSR markers (Dillon et al., 2013; Surapaneni et al., 2013) , 85 to 99% with ISSR (Ariffin et al., 2015; Samal et al., 2012; Tomar et al., 2011) , 73 to 100% with RAPD (Ravishankar et al., 2000; Karihaloo et al., 2003; Rahman et al., 2007; Rajwana et al., 2008; Souza et al., 2011) , 84 to 96% by AFLP (Yamanaka et al., 2006; Ga´lvez-Lo´pez et al., 2010) and 73% by SCoT markers (Luo et al., 2010) . The average PIC value obtained in this study was 0.764 which was higher than the average value reported by earlier studies (Surapaneni et al., 2013; Dillon et al., 2013; Ravishankar et al., 2011; Hirano et al., 2010 and Schnell et al., 2005) . The markers having higher PIC values are considered highly prospective to reveal allelic variation. The average PIC value of microsatellites generated in different studies varies during the testing of different number of genotypes and microsatellites. Microsatellites are more reliable and due to very high reproducibility it can be successfully used for the cultivar identification by using variety specific primers. The unique allelic pattern was observed mostly in wild genotypes along with two cultivated varieties 'Langra' and 'Neelum', which revealed the presence of unique genetic makeup in these genotypes. This information can be used as molecular signatures in fingerprinting studies and to determine the genetic purity of the genotypes. Furthermore, the wild genotypes may be useful in hybridization program with other cultivated commercial varieties or species to broaden the genetic base of mango genotypes (Mukherjee, 1997) . Based upon the pedigree and geographical origin, phenotypic approach is used to distribute genotypes into various groups (Schnell et al., 2005) . However, this approach has limitation for grouping genotypes based on their genetic similarity. Therefore, an alternative Bayesian based cluster analysis approach is applied in this study by using STRUCTURE, which distributed the genotypes into three different gene pools based on allele information per locus. The cross pollination and out crossing may hold true for M. indica too, as the STRUCTURE analysis revealed some level of population admixture and gene exchange. Interestingly, this approach was able to distribute different genotypes based on several criteria like geographical origin and type (cultivated or wild). The highest likelihood was observed for K = 3, which separated the wild and cultivated mango genotypes into two different genetic backgrounds. The Pakistani genotypes were divided into two groups, which represents cultivated and wild separately, and showed two distinct genetic backgrounds. While, cluster of Indian varieties did not change and seem to be almost same. This analysis also confirmed that cultivated varieties of Pakistan share the genetic similarity with Indian origin, while wild genotypes from northern Punjab, which make cluster with cultivated varieties, have close relationship with them. The Indian mango genotypes have different genetic backgrounds and showed clear differences from other genotypes. Both 'Sufaid Chaunsa' and 'Kala Chaunsa', which were selected based on their superior fruit quality, are the variants of 'Samar Bahisht Chaunsa', whose origin is India (Rajwana et al., 2008) . So, these genotypes showed a close genetic relationship with Indian germplasm. India is considered the primary center of origin for mango (Ravishankar et al., 2000) . It is worth mentioning that both countries were united till 1947 and it is logical to conclude the similar genetic base for few Pakistani and Indian mango cultivars. But, Pakistani wild genotypes do not have Indian genetic background. So, Himalayan region of Pakistan might be center of diversity for mango germplasm in Pakistan. However, it can be confirmed by the further analysis of more wild genotypes from India and other mango growing countries.
The genetic relationship of Pakistani mango germplasm was determined by hierarchical clustering based on minimum variance ward method. Three major groups distinguished fifteen genotypes (34%) originated from AJK and second group contained fifteen genotypes (18%) from Northern Punjab with two cultivated varieties. The remaining cultivated varieties (47%) showed narrow genetic basis, which could probably be due to ancient selection of cultivars from the existing cultivars of India. Rajwana et al. (2008) reported similar genetic relationship among cultivated Pakistani and Indian genotypes by RAPD markers. The factorial correspondence analysis also showed similar results which separated the mango genotypes in three groups. These findings are also in accordance with both of our results obtained by the dendrogram and Bayesian cluster analyses. The genetic exchange within species rather than ancient relationships has been emphasized to determine genetic structure or genetic diversity. Although, sometimes restriction occurs in structure exchange across the species range, either limited dispersion of pollen or seed, and by geographical distribution of the genotypes (Schaal et al., 1989) . Since, the information on the precise migration of these wild mango plants from center of diversity is still unknown, it is most probable that the wild Pakistani mangoes are either descendants of isolated plants or relics of past migrants, which planted in the past but now have been established in the wild.
Conclusions:
The reported results provide detailed information about the genetic makeup of new germplasm sources and genetic diversity in wild mango germplasm which could be useful to improve the yield and quality of existing varieties. Our results confirm that wild genotypes have high genetic diversity and unique structure pattern than the cultivated genotypes originated from Pakistan and India, which could be the result of the long history of mango cultivation in Pakistan. The results of the study clearly revealed that microsatellites can successfully be used to characterize mango germplasm of Pakistan.
